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Abstract 
The response to a zeitgeber, particularly the light/dark cycle, may vary phenotypically. 
Phenotypic plasticity can be defined as the ability of one genome to express different 
phenotypes in response to environmental variation. In this opinion paper, we present 
some evidence that one of the most prominent effects of the introduction of electric light 
to the everyday life of humans is a significant increase in phenotypic plasticity and 
differences in interindividual phases of entrainment. We propose that the healthy limits 
of phenotypic plasticity have been surpassed in contemporary society.  
 
Current state of the field  
Widespread use of electric light, enabled by the development of electric power 
grids in the 1930s, has dramatically changed people's lives. The availability of light at 
any time of day with the flip of a switch has led to an increase in work and social 
activities at night, i.e., the current habits and customs of Western societies. Sociological 
discussions have highlighted the impact of this invention on the gap between industrial 
societies that have embraced electric light and preindustrial societies that have 
maintained connection with nature being exposed to only natural lighting.  
Electric light has been shown to be a zeitgeber, an external time cue, able to 
entrain the human circadian timing system (Honma et al., 1987; Czeisler and Wright, 
1999; Wright et al., 2005; Gronfier et al., 2007). The entrainment of biological rhythms 
to zeitgebers is a property of biological clocks/oscillators that contributes to the 
temporal adaptation of the organism to the environment. The response to a zeitgeber, 
however, may vary phenotypically. 
Phenotypic plasticity can be defined as the ability of one genome to express 
different phenotypes in response to environmental variation (Oostra et al., 2018; Xue 
and Leibler, 2018). This ability to be modified by the environment is genetically 
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determined (Nicoglou, 2015). Phenotypic plasticity allows evolutionary adaptation to 
novel environments facilitating the persistence of populations under environmental 
changes (Oostra et al., 2018).  
The circadian system is characterized by an extraordinary phenotypic plasticity 
for adapting to temporal changes on multiple scales (Maggi et al., 2017). Phenotypic 
plasticity is a ubiquitous adaptation of organisms and has multiple dimensions 
(Westneat at al., 2019). The expression of phenotypic plasticity is reduced in controlled 
laboratory studies, whereas the expression of phenotypic plasticity in the constantly 
changing real-world is probably the rule (Helm et al., 2017). The phenotypic plasticity 
of the circadian system allows organisms to synchronize behavior to the environment 
through adaptation of clock mechanisms (Scheer et al., 2007; Bosler et al., 2015) 
resulting in changes at cellular and network levels (Girardet et al., 2010), as well as 
structural rearrangements (Muraro et al., 2013). 
Phase of entrainment is classically defined as the difference between the phase 
of the circadian oscillator and the phase of the zeitgeber (Pittendrigh and Daan 1976; 
e.g., the timing of melatonin onset relative to the timing of sleep/darkness onset, Wright 
et al., 2005). The ability of mammals to adjust their phase of entrainment to changes in 
the light/dark cycle is one of the best examples of phenotypic plasticity. Another 
example of phenotypic plasticity is the aftereffects of entrainment on circadian period 
(Scheer et al., 2007). Circadian period is a biological factor that interacts with light 
exposure to influence phase of entrainment (Wright et al., 2005; Gronfier et al., 2007). 
The precise environmental factors and their relative contribution on phenotypic 
plasticity, however, are largely unknown. Examples of environmental factors that 
contribute to phenotypic plasticity include food availability and perceived predation 
risk. For example, low food availability and decreased perceived daytime predation risk 
promote diurnal activity patterns (Van der Vinne, 2014). Mammals exhibit considerable 
phenotypic plasticity when facing energetic challenges, with nocturnal mice becoming 
diurnal when exposed to cold and hunger (Van der Vinne, 2014).  
The circadian system’s response to light is well-studied and the mechanisms of 
photic entrainment in humans have been described in detail (Duffy and Czeisler, 2009; 
Brown, 2020). The circadian response to light depends on the internal clock time of 
light exposure, as well as the intensity, duration, and wavelength of light exposure, and 
prior light exposure history. Specifically, the same light exposure at different biological 
times of day results in dissimilar responses (e.g., producing phase advance or phase 
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delay shifts; Honma and Honma, 1988; Czeisler et al., 1989; Rüger et al., 2013). As a 
general rule, the brighter the light exposure (Boivin et al., 1996; Zeitzer et al., 2000; 
Wright et al. 2001; Wright and Czeisler 2002; Duffy et al. 2007) and the longer the 
duration of light exposure (Baehr et al., 1999; Dewan et al., 2011; Rahman et al., 2017),  
the larger the circadian response; although responses to brief light exposures are larger 
on a minute per minute basis than are responses to continuous light exposure since the 
response to light is most efficient in the first minutes of light exposure (Gronfier et al., 
2004). The circadian clock is most sensitive to blue wavelength light (Lockley et al., 
2003; Revell et al., 2005; Gooley et al., 2010; Brown 2020). However, at lower levels of 
intensity, the circadian timing system appears to be more sensitive to green (555 nm) 
than blue (460 nm) light (Gooley et al., 2010). Further, a history of exposure to dim 
light results in a greater response to subsequent light exposure (Chang et al., 2011). 
In the past 90-100 years circadian phenotypic plasticity has been challenged by 
an expansion of temporal niches allowed by the availability of electricity (e.g., social 
and work activities later at night and 24/7 shift work operations). The latter expansion 
has been associated with later and irregular sleep timing, insufficient sleep, and health 
problems. In contemporary times, people spend more time indoors during the daytime 
and the resulting reduced exposure to daytime light combined with electric light after 
sunset contributes to increased phenotypic plasticity (Wright et al., 2013). Findings 
from studies of human sleep and circadian time in preindustrial societies have provided 
important information about the effects of electric light on circadian entrainment and, 
particularly, on the phenotypic plasticity of the circadian system. In most of the studies 
performed to date, findings show that populations not exposed to electric light have an 
earlier clock time of entrainment and/or earlier sleep timing when compared to those 
exposed to electric light (Louzada and Menna-Barreto, 2004; Wright et al., 2013; 
Moreno et al., 2015). In this opinion paper, we present some evidence that one of the 
most prominent effects of the introduction of electric light to the everyday life of 
humans is a significant increase in phenotypic plasticity and differences in 
interindividual phases of entrainment.  
Louzada and Menna-Barreto (2004) studied self-reported sleep/wake patterns in 
adolescents living in a Brazilian rural area, some of whom did not have electricity at 
home. Those who did not have access to electricity showed significantly earlier 
bedtimes on school days and weekends compared to those with access to electricity. 
Additionally, adolescents with electricity at home had greater variability in sleep timing 
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during weekends. Peixoto et al. (2009) studying adolescents living in Brazilian rural 
areas also showed significantly earlier bedtimes on school days compared to those with 
access to electricity. Although there were no differences in circadian phase between the 
groups when dim light melatonin onset (DLMO) was compared, DLMO variability was 
greater in the group that had electricity at home. Paradoxically sleep/wake patterns, 
however, were found to have greater variability in the group that did not have electricity 
at home.  
 Wright et al. (2013) compared the timing of the dim light melatonin onset 
(DLMO) and dim light melatonin offset (DLMOff) of a group of adults after exposure 
to only natural light living outdoors (camping) in tents for one week, to the timing of the 
DLMO and DLMOff of the same adults after exposure to both natural and electric 
lighting living in their typical social environment; i.e., going to school, work, and social 
activities. The authors observed a significant advance of the melatonin rhythm (DLMO 
and DLMOff) and reduced inter-individual variability in the timing of the DLMO and 
DLMOff after exposure to only natural light. Individual differences in circadian 
melatonin timing were thus larger after exposure to the weaker zeitgeber of dimmer 
daytime light exposure and electric light exposure after sunset in the modern lighting 
environment. Iglesia et al. (2015) studied rest/activity cycles of hunter-gatherer 
indigenous people in the Province of Chaco (Argentina), with and without access to 
electricity, and showed that access to electricity was associated with reduced sleep 
duration and reduced inter-individual variability in rest/activity patterns. Moreno et al., 
2015 studied sleep and circadian rhythms of rubber tappers in the Amazon forest (State 
of Acre, Brazil), with and without electricity at home, and showed that access to 
electricity at home was associated with reduced sleep duration and delayed timing of the 
DLMO.  
The timing of the DLMO, the most commonly used and reliable marker of 
circadian phase, has been shown to positively correlate with the timing of midsleep on 
free days (MSFsc) (Wright et al., 2013; Kantermann and Burgess, 2017; Facer-Childs et 
al., 2019). This MSFsc measure is calculated from the Munich ChronoType 
Questionnaire (MCTQ) (Roenneberg et al., 2003). These correlations between DLMO 
and MSFsc chronotype have been reported under a mixture of natural and electric light-
dark conditions. The strength of the correlation between biological time (melatonin 
onset) and behavioral time (midsleep phase), however, was reduced after only natural 
light-dark conditions (no electric light) (Wright et al., 2013); likely due to the fact that 
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exposure to the natural light-dark cycle is a stronger zeitgeber than is exposure to 
dimmer daytime indoor light exposure and electric light at night.   
Access to electric lighting was also found to increase interindividual differences 
in the circadian timing (DLMO) of rubber tappers (Moreno et al., 2015) The correlation 
between biological time (DLMO) and behavioral time (MSFsc) was reduced in the 
population without access to electrical light (Fig. 1, data replotted from Moreno et al., 
2015). These findings are consistent with data from Wright et al. (2013).  
 
 
 
Figure 1 – Correlation between Dim light Melatonin Onset (DLMO) and midsleep time 
(MSFsc) among rubber tappers from Amazon, Brazil. Rubber tappers with electric 
lighting at home (n=31; solid symbols; r=0.63; p<0.05); rubber tappers without electric 
lighting at home (n=23; open symbols; r=0.22; ns). 
 
 
Future research directions to advance sleep and circadian science 
 
Studies carried out in communities that have compared participants with and 
without access to electric light provide crucial information about the effects of access to 
electric light on interindividual variability in circadian timing and sleep. Such 
phenotypic plasticity differences appear much more pronounced under conditions with 
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access to electric light.  Phenotypic plasticity is an essential property of living systems, 
and access to electric light increases the degree of phenotypic plasticity with potential 
health consequences when phenotypic plasticity results in later chronotypes in a social 
environment that requires early work/school start times. Further, findings from studies 
of night shift workers (Kecklund and Axelsson, 2016; Moreno et al., 2019) and of 
patients with circadian rhythm sleep/wake disorders (Sack et al., 2007) show the 
negative impacts of light exposure at night and associated circadian disruption on 
health. Such examples suggest that healthy limits of phenotypic plasticity may have 
been surpassed in contemporary society. Future studies should aim to understand how 
humans can optimize light exposure during the 24 h day (e.g. brighter days and dimmer 
nights) to promote health, and to reduce the negative effects of going beyond healthy 
phenotypic plasticity circadian entrainment limits.  
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Highlights: 
• Electric light increased phenotypic plasticity in humans and differences in 
interindividual phases of entrainment.  
• Healthy limits of phenotypic plasticity have been surpassed in contemporary 
society.  
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